Abstract Aberrant gene expression is the cause and the consequence of tumorigenesis. A major component of gene expression is translation regulation; a process whose main players are RNA-binding-proteins (RBPs). More than 800 RBPs have been identified in the human genome and several of them have been shown to control gene networks associated with relevant cancer processes. A more systematic characterization of RBPs starts to reveal that similar to transcription factors, they can function as tumor suppressors or oncogenes. A relevant example is Musashi1 (Msi1), which is emerging as a critical regulator of tumorigenesis in multiple cancer types, including colon cancer. Msi1 is a stem marker in several tissues and is critical in maintaining the balance between self-renewal and differentiation. However, a boost in Msi1 expression can most likely lead cells towards an oncogenic pathway. In this article, we discuss the parallels between Msi1 function in normal renewal of intestinal epithelium and in colon cancer.
HuR can increase the expression of antiapoptotic proteins, such as members of the bcl-2 family [9] and the apoptosome inhibitor prothymosin α [10] . Among HuR target transcripts is cyclooxygenase-2 (COX-2), whose regulation is crucial for colon carcinogenesis [11, 12] ; a correlation between the HuR and COX-2 expression levels in cancer cells was previously established [13] . CUGBP2 is one of the six members of the CUGBP-ETR3-like factor (CELF) family of RBPs [14] . Like HuR, CUGBP2 targets COX-2 mRNA in tumors cells, including colon cancer [15] . However, different from HuR, CUGBP2 regulates COX-2 expression by suppressing its translation [16] . Consistently, CUGBP2 was characterized as a functional antagonist of HuR by interacting with this RBP and competitively inhibiting HuRinduced COX-2 mRNA translation [17] . Interestingly, curcumin, a natural compound with anticancer potential (reviewed in [18] ) can induce the expression of CUGBP2 in pancreatic cancer cells, leading to the inhibition of COX-2 translation [16] . These results highlight the importance of better characterization of RBPs as potential targets for anticancer therapies.
Musashi1
Musashi1 (Msi1) is an evolutionarily conserved RBP containing two RNA binding domains (RBDs) tandemly arranged which cooperatively bind to target mRNAs. Msi1 was first identified in Drosophila melanogaster as a protein required for the development of the sensilla, the adult sensory organs [19] . It was later observed that Msi1 controls asymmetric cell division by regulating the translation of the zinc-finger transcriptional repressor tramtrack69; this gene modulates Notch signaling, which is required for development of neuronal and nonneuronal cell lineages [20] .
Msi1 RBDs, RBD1 and RBD2, contain β-sheets and α-helices that are typical of RBPs [21, 22] . Although they are very similar at the amino acid level, analysis of the structure and mode of interaction indicates that RBD1 binds more strongly than RBD2 to RNA targets, and this difference is due to positively charged residues found in RBD1 β-sheets, resulting in a better interaction with negatively charged RNA [23] . Even with a weaker RNA affinity compared with RBD1, the presence of RBD2 increases the affinity of Msi1 for RNA [23] . Recently, NMR spectroscopy revealed that the minimal binding RNA sequences for RBD1 and RBD2 are r(GUAG) and r(UAG), respectively [24] . Moreover, our genomic analyses indicated that sequences recognized by Msi1 are likely to be located in hairpin structures [25•] .
Few studies have characterized the interaction between Msi1 and its mRNA targets in Drosophila, Xenopus, and mammalian cells. It is known that Msi1 specifically binds to sequences present mainly in untranslated regions of target transcripts, affecting translation (Table 1) . Imai et al. [26] demonstrated that Msi1 binds the 3′ untranslated region of m-Numb RNA, causing translational repression. Msi1 also inhibits translation of TTK69 and p21
WAF-1 mRNAs [20, 27] . Similarly, the repression is based on the interaction of Msi1 with specific sequences located in the 3′ untranslated region of ttk69 and p21 WAF-1 transcripts [20, 26, 27] . It was shown that m-numb, ttk69, and p21
WAF-1 are involved in cell cycle regulation, neuronal development, and differentiation [27] .
RIP-Chip (ribonucleoprotein immunoprecipitation followed by microarray analysis) and proteomic studies identified a group of genes involved in tumorigenesis as potential Msi1 targets. These analyses showed that Msi1 might have either negative or positive effects on gene expression [25•, 28] . In fact, it was initially demonstrated in Xenopus, and later in mammalian cells, that c-Mos, tau, Robo3/Rig, and fukutin mRNAs are upregulated by Msi1 at the translational level [29] [30] [31] [32] . In the particular case of the Robo3/Rig transcript, Msi1 might bind to sequences found in the coding region [31] .
It was shown that the mechanism of Msi1-mediated translation repression is based on the competition between Msi1 and poly(A)-binding protein I, which affects the interaction with eIF4G and ultimately inhibits the assembly of the 80S ribosome complex [33] . However, the mechanism regarding the role of Msi1 in translational activation is still unclear. Further identification of Msi1 interaction partners might contribute to the establishment of a model. Since Msi1 can potentially function as an activator and inhibitor of translation in the same cell system [25•] , the directionality of the regulation might be dictated by the position and number of Msi1 binding sites and RBP cross talk. Ongoing experiments performed in our laboratory indicate that Msi1 might have functions in RNA metabolism other than translational regulation (unpublished data). Indeed, a recent study showed that Msi1, which is mainly localized in the cytoplasm, can be also found in the nucleus and, together with Lin28, posttranscriptionally regulates microRNA (miRNA) biogenesis in neuronal stem/progenitor cells [34] . 
Musashi1 in the Intestinal Epithelium
The intestinal epithelium is very peculiar for its continuous cell renewal, fuelled by multipotent stem cells localized within the crypts of Lieberkühn. The process of cell differentiation occurs during the migration along the crypt-villus (small intestine) or crypt-surface (colon) axis; cells are finally exfoliated at the top of the axis after undergoing apoptosis [36] . It has become clear that at least in the small intestine, two populations of stem cells exist: the columnar basal cells, which cycle actively and express the Lgr5 marker [37] ; and the +4 stem cells, which express Bmi1 [38] and are supposedly quiescent [39, 40] . Interestingly, Msi1 was determined to be a marker of both populations [40] .
Since the identification of Msi1 as a marker of adult stem cells, there has been increasing interest in understanding whether it is also associated with stem cells of the intestinal epithelium. Asai et al. [41] followed Msi1 expression in developing stomach and intestine in both chicken and mouse. At early developmental stages, both organs displayed broad Msi1 expression in endoderm and mesenchymal derivatives; during the morphogenetic steps and later stages, this expression became clearly restricted to the epithelia. In the intestine, after crypt formation, only a few cells located at the bottom of the crypts of both the small and the large intestine were clearly stained by anti-Msi1 antibody [41] [42] [43] .
In addition to immunohistochemical evidence, other data support Msi1 as a marker of stem cells of the intestinal epithelium. Its expression is restricted to cells previously associated with stemness, as they have the capacity to retain DNA labeling for a long time, after several rounds of cell division [41] [42] [43] , or express the Lgr5 marker [44] . Murine intestinal epithelium stem cells that express Msi1 also express Hes1 [41, 42] . Interestingly, cells expressing both markers enhanced the repair of small-intestinal injury in the mouse [45] . The second clue for an association between Msi1 and gut stem cells is its expression in the side population (SP) of the intestinal crypts [46] . The SP characteristic is due to the capacity of SP cells to exclude the nuclear stain Hoechst, thanks to specific expression of ABC transporters [47] . This is an important characteristic of stem cells since these transporters are highly implicated in the resistance to drug-based anticancer therapies [46] .
Recent reports described a method to induce the differentiation of murine embryonic stem cells towards endoderm [45, 48] . The approach employed treatment with specific growth and differentiation factors in the culture medium; one of the characteristics of the induced endoderm was an increase in Msi1 expression [48] . A similar approach in murine embryonic stem cells also corroborated the data linking Msi1 to the SP cells and to endoderm cell fate [49] . In fact, SP from murine embryonic stem cells isolated by fluorescence-activated cell sorting is enriched in Msi1-expressing cells. More importantly, markers for neural cells and intestinal epithelial cells were detected in the grafts generated by this cell fraction [49] . Finally, sophisticated studies employing reporter mouse models based upon green fluorescent protein knock-in into the Lrg5 locus [37] , coupled with cell sorting and transcriptomic/proteomic analysis, have defined the mouse small-intestinal stem cell signature [44] . As expected, Msi1 is one of the signature's genes.
Despite
Previous observations also suggest that Msi1 is at the crossroads of several signaling pathways [51, 52] that are important in intestinal development and homeostasis [53] . However, a detailed analysis of these multiple regulations in the same physiological model was lacking. We constructed a model that demonstrated the direct regulation of Msi1 by the Wnt pathway. We identified a functional Tcf/Lef binding site located in the promoter of Msi1, at −6 kb from the start site. On the other hand, we also demonstrated that Msi1 regulates the Wnt pathway through the positive control of Frat1. Frat1 is known to be a potent activator of the canonical Wnt pathway, since it interacts with glycogen synthase kinase 3β and Dvl proteins and enhances Lef-mediated transcription [54] . Accordingly, we showed that the increased expression of Frat1 mediated by Msi1 stabilizes β-catenin and increases the levels of its targets cyclin D1 and c-Myc [50••] . A recent article also described a reciprocal control between Msi1 and Apc in intestinal tumors of ApcMin mice. Msi1 whose expression is increased in Apc Min intestinal tumors was shown to target Apc mRNA and enhance its degradation [55] , leading to stabilization of β-catenin and activation of Wnt targets. Msi1 is also connected to the Notch pathway as it blocks the translation of m-Numb, a repressor of Notch [26] ; this connection was confirmed in intestinal epithelial progenitors [50••] . Finally, a negative correlation between Msi1 and Paneth cell differentiation was established [56] . A human intestinal epithelial cell line stably expressing Msi1 showed suppressed expression of Paneth-cell-specific genes. Corroborating our data, this study indicated that Msi1 is involved in maintaining a progenitor state in the intestinal crypts. Surprisingly, these human Msi1-expressing cells show no alteration in cell proliferation or activity of Wnt and Notch pathways [56] .
Taken together, the collected data clearly indicate an important function of Msi1 in inducing and subsequently maintaining a stem cell zone in the intestinal crypts.
Musashi1 in Intestinal Cancers
Msi1 was first described as being highly expressed in human gliomas, where its expression levels (RNA and protein) were correlated with tumor grading and proliferative activity [57] [58] [59] [60] [61] . Similarly, Msi1 is associated with poor prognosis and metastasis in breast cancer [62] . We recently established a correlation between high Msi1 expression and poor prognosis in medulloblastoma. Msi1 is particularly high in subgroups 3 and 4, known for their aggressiveness and poor response to treatment [28] . High Msi1 expression was found in various other malignancies such as hepatocellular carcinoma [63] , colorectal cancer [64] [65] [66] [67] [68] , atypical teratoid/rhabdoid tumors [69] , non-small-cell lung cancer [70] , retinoblastoma [71] , cervical cancer [72] , endometrial carcinoma [73, 74] , malignant rhabdoid tumor [75] , small cell carcinoma [76] , esophageal adenocarcinoma and its precursor lesion, Barrett's esophagus [77, 78] , neuroblastoma [79] , gastric cancer [80, 81] , urothelial carcinoma [82] , oral carcinoma [83] , and uveal melanoma [84] . Msi1 was shown to regulate several processes relevant to carcinogenesis, such as apoptosis, differentiation, and the cell cycle. More importantly, Msi1 is a critical regulator of "cancer stem cell" survival, and its knockdown affected the expression of key stem cell markers (reviewed in [85, 86] ). We recently discussed the implications of Msi1 in different tumor types [52, 87] .
Msi1 expression is markedly increased in intestinal adenomas arising in Apc Min mice, expressing a mutation in the Apc gene and exhibiting constitutive activation of the Wnt pathway [88] . Crossing Apc Min mice with mice exhibiting a loss of maternal imprinting of IGF2 doubled the number of adenomas with a less differentiated phenotype and increased Msi1 expression [64] . Importantly, patients with loss of IGF2 imprinting have increased Msi1 expression in colon crypt cells, suggesting an association between epigenetics, Msi1, stem cells, and a predisposition to colon cancer [89] .
Colon tumors arising in Apc
Min mice expressing a constitutively active K-Ras G12D display increased Msi1 levels [90] . A role in colon cancer stem cells is suggested on the basis of association of Msi1 with CD133-positive colorectal tumor cells grown as spheroid cultures [59] . More interestingly, these cells are highly resistant to anticancer treatments based upon oxaliplatin and 5-fluorouracil [91] . These data are consistent with the persistence of Msi1-positive cells in the crypts after exposure to a toxic dose of 5-fluorouracil [92] , and suggests that Msi1-positive cells are generally drugresistant.
A recent article has shown a direct correlation between Msi1 expression levels and colon tumor progression and liver metastasis [93] . This study proposes the use of Msi1 as a novel biomarker for colon cancer and as a potential therapeutic target. Similar results indicated that an increase in Msi1 expression correlates with tumor stage in patients [94] . In animal models, a more aggressive tumor phenotype was associated with increased expression levels of the gut stem cell marker Lgr5. A parallel increase of Msi1 expression in these same aggressive tumors was observed [95] . In another study, silencing of Msi1 by small interfering RNA in the HCT116 colon cancer cell line blocked xenograft growth. Moreover, Msi1 was determined to be involved in many aspects of colon cancer development, such as cell proliferation, evasion of apoptosis, and mitotic catastrophe [96••] . In addition to a role in tumor growth and progression, we have recently shown that Msi1 can confer tumorigenic properties to progenitor cells. Intestinal epithelium progenitor cells engineered to overexpress Msi1 showed an increase in proliferation via the activation of Wnt and Notch pathways, and acquired tumorigenic properties as shown in xenograft studies [50••] . It is worth stating that Wnt and Notch pathways synergize in animal models to induce intestinal tumors and are active in mouse and human intestinal adenomas [97] . Another interesting connection between Msi1 and the Wnt pathway comes from a study performed in colon carcinoma cells to explore CD44, a Wnt target gene. CD44-positive and CD44-negative populations isolated from LT97 cultures showed differences in growth and survival characteristics. Whereas CD44-positive cells attached and grew to reconstitute the original culture, the CD44-negative cells rapidly entered apoptosis and were unable to grow. In comparison with unsorted LT97 cells, the CD44-positive cells expressed Msi1 and displayed nuclear β-catenin [66] , indicative of Wnt activation [53] . In summary, the studies described demonstrate a complex regulatory loop between Msi1 and the Wnt and Notch pathways in the intestinal progenitor/stem cells, suggesting that Msi1 could act as an oncogene. Figure 1 summarizes the role of Msi1 in colon cancer.
The expression of Msi1 can be regulated by several signals which are activated in intestinal tumors. Given that Msi1 can regulate its own translation during Xenopus oocyte maturation [98] , it is tempting to speculate that once the expression level of Msi1 increases in the intestinal stem cells, then a positive regulatory loop is established, involving Msi1 and the Wnt and Notch pathways. This allows further increase of Msi1 expression and β-catenin stabilization, resulting in aggressive tumor development and poor survival prognostic. Another important contributor of the increase of Msi1 expression in tumors is miRNAs. We have determined that Msi1 expression is controlled by multiple tumor-suppressor miRNAs that tend to be downregulated in various tumor types, including colon cancer; among them is miR-137 [87] . miR-137 was described as a critical player in colon cancer. Its expression is inhibited via promoter hypermethylation. Restoration of miR-137 reduced cell proliferation of colon cancer lines HCT116 and RKO [99] . Interesting, the regulation of Msi1 by miR-137 is highly conserved from Drosophila to humans.
Conclusion
Msi1 emerges as a critical player in both renewal of intestinal epithelium and colon cancer. However, its "modus operandi" is poorly understood. An important missing piece required for better understanding of the participation of Msi1 in both processes is the characterization of its target genes and its impact on their expression. Our data in 293 T and Daoy cells [25•, 28] clearly indicates that Msi1 regulates a complex network of targets and has positive and negative effects on translation regulation. Investigating binding and/or RNA target differences between healthy epithelial progenitor and colon cancer cells will be of importance. In fact, a boost in Msi1 expression in epithelial progenitor cells triggered a tumorigenic phenotype; therefore, a change in the target set and/or a stronger effect on translation levels of Msi1 targets is expected to be the cause of this phenotype. Of note, all systems and tools are in place to conduct CLIP-Seq or RIP-Seq experiments to globally identify Msi1 RNA targets. Indeed, mouse models of colon cancer are available, progenitor cells can be isolated and maintained in culture, and methods for culture of tumor spheroids are also available. Moreover, by employing novel methods such as ribosomal profiling [100] , we can evaluate in a high-throughput manner the impact Msi1 has on the translation of its target genes.
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